Nicotine dependence risk and lung cancer risk are associated with variants in a region of chromosome 15 encompassing genes encoding the nicotinic receptor subunits CHRNA5, CHRNA3 and CHRNB4. To identify potential biological mechanisms that underlie this risk, we tested for cis-acting eQTLs for CHRNA5, CHRNA3 and CHRNB4 in human brain. Using gene expression and disease association studies, we provide evidence that both nicotine-dependence risk and lung cancer risk are influenced by functional variation in CHRNA5. We demonstrated that the risk allele of rs16969968 primarily occurs on the low mRNA expression allele of CHRNA5. The non-risk allele at rs16969968 occurs on both high and low expression alleles tagged by rs588765 within CHRNA5. When the non-risk allele occurs on the background of low mRNA expression of CHRNA5, the risk for nicotine dependence and lung cancer is significantly lower compared to those with the higher mRNA expression. Together, these variants identify three levels of risk associated with CHRNA5. We conclude that there are at least two distinct mechanisms conferring risk for nicotine dependence and lung cancer: altered receptor function caused by a D398N amino acid variant in CHRNA5 (rs16969968) and variability in CHRNA5 mRNA expression.
INTRODUCTION
Cigarette smoking is a common addictive disorder. In 2007, an estimated 20% of Americans aged 18 years or older were current smokers (defined as those who reported that they smoked 100 cigarettes or more during their lifetime and were currently smoking every day or some days) (1) . Among current cigarette smokers, 59% were nicotinedependent (2) . It is well established that smoking has detrimental effects on physical health, increasing risk for cancer, heart disease, stroke and chronic lung disease. According to the World Health Organization's report in 2006, tobacco use is responsible for about five million deaths annually, making it the largest cause of preventable mortality in the world (3) . In the USA, tobacco use is the leading cause of morbidity and mortality; it accounts for 30% of all cancer deaths including 87% of all deaths from lung cancer (4, 5) .
Many aspects of cigarette smoking behavior cluster in families (6) . Evidence from twin studies indicates that genetic factors contribute to the development of smoking, smoking persistence and nicotine dependence (7 -9) . Heritability estimates for nicotine dependence range from 60% to 72% (10) , and the risk for the sibling of a nicotine-dependent individual of developing nicotine dependence is 2-fold increased over the general population rate.
Neuronal nicotinic acetylcholine receptors (nAChRs) are a family of pentameric (mostly hetero-pentameric) ligand-gated ion channels that can mediate fast signal transmission at synapses (11) as well as modulate the release of several neurotransmitters (12) . Nicotine is an exogenous agonist of these receptors. Within a few seconds of smoking, nicotine produces physiological responses. The most abundantly expressed receptor subtype in the brain is the a4b2 subtype. Some a4b2 receptors also contain an a5 subunit (13) . Inclusion of an a5 subunit significantly increases the rate of receptor desensitization and calcium permeability (14) . Recent studies have shown that nicotine can also induce cell proliferation, tumor invasion and angiogenesis, and confer resistance to apoptosis, processes that are mediated through nAChRs (15 -17) . Thus, variations in nAChRs are strong candidate risk factors for nicotine-dependence and lung cancer.
Several genetic association studies involving addiction in humans have focused on genes encoding the major nAChR subunits expressed in the brain (a4 and b2) (18) (19) (20) . Recently, our genome-wide association study (GWAS) and candidate gene study of nicotine dependence identified several variants in the gene cluster encoding the a5, a3 and b4 subunits on chromosome 15 that alter risk for nicotine dependence, including an amino acid substitution (a change from aspartic acid to asparagine at codon 398) in the a5 nicotinic receptor subunit gene (CHRNA5) and several non-coding variants across this gene cluster (21 -23) . These associations have now been replicated in independent smoking data sets (24 -28) . GWAS using lung cancer populations from Europe, the USA and Iceland have also demonstrated association between lung cancer susceptibility and the same variants or highly correlated variants in the CHRNA5/A3/B4 gene cluster (27, (29) (30) (31) .
There is extensive linkage disequilibrium across the CHRNA5/A3/B4 gene region. Two distinct LD bins (r 2 . 0.8) are associated with both nicotine dependence and lung cancer (Supplementary Material, Fig. S1 ). One bin (bin 1) is tagged by rs16969968 and the minor allele is linked to increased risk for nicotine dependence (24 -27,32) and lung cancer (27, 29, 30) . The second bin (bin 2) is tagged by rs3743078 (or rs578776) and the minor allele is associated with a reduced risk for nicotine dependence (24, 26, 28) and lung cancer (30, 31) .
Rs16969968 is a missense variant that results in an amino acid substitution at codon 398 (D398N) of CHRNA5. Our in vitro functional study demonstrated that heterologously expressed nicotinic receptors containing the missense variant of CHRNA5, a4b2a5N398 exhibit reduced response to the nicotinic agonist epibatidine when compared with receptors containing the more common variant, a4b2a5D398 (25) . No other obvious functional variants are in this LD bin. Using quantitative polymerase chain reaction (qPCR), we have previously shown that CHRNA5 mRNA levels in frontal cortex and in lymphocytes are highly variable between individuals and that some of this variability is explained by cis-acting polymorphisms (33) . The goal of this study was to determine the influence of two potential biological mechanisms in the etiology of nicotine dependence and lung cancer: the influence of a missense mutation in a receptor subunit gene and the influence of subunit mRNA expression level. We find that both biological mechanisms play a role.
RESULTS
Postmortem interval, age, and smoking status are weakly associated with CHRNA5, CHRNA3 and CHRNB4 mRNA levels, respectively
We used linear regression to test for evidence of differential expression in samples of different genotype. First, we tested whether drinking status affected gene expression in the samples obtained from the Australian Brain Bank (ABDP). No significant differences in CHRNA5, CHRNA3 or CHRNB4 mRNA expression were observed between alcoholic and non-alcoholic subjects. We then combined brain tissues from both the Washington University Alzheimer's Disease Research Center (ADRC) and ABDP for further analysis. The site of brain bank, postmortem interval, age, gender and smoking history (ever smoke or never smoke) were tested for their influence on mRNA levels of CHRNA5, CHRNA3 and CHRNB4 (Supplementary Material, Table S1 ). For CHRNA5, only postmortem interval has a weak effect on mRNA expression levels (P ¼ 0.02). Brain bank site, age and gender influence CHRNA3 mRNA expression. However, when theses variables were added to a linear regression model, only age remained as a significant covariate. For CHRNB4, site, gender and smoking history influence mRNA expression. When these variables were included in the logistic regression model, only smoking history has a significant effect on mRNA expression levels.
Variability in CHRNA5 mRNA levels is strongly associated with variants located upstream of the coding region of CHRNA5 Single variant analysis. To examine whether the polymorphisms associated with nicotine dependence in the chromosome 15q24-25.1 region are also associated with gene expression, we used real-time PCR to quantitate mRNA levels of CHRNA5, CHRNA3 and CHRNB4 in the frontal cortex in individuals of different genotype. We genotyped 104 brain samples of European descent with 44 variants spanning the CHRNA5/A3/B4 gene cluster (Table 1 and Supplementary  Material, Table S2 ). These SNPs tag 79 of the 100 SNPs that have a minor allele frequency!5% in the HapMap CEU reference sample in this gene cluster at an r 2 of 0.8 or better (dbSNP build 129 and HapMap public release 23a); 94 are tagged at an r 2 ! 0.6. Using linear regression with postmortem interval as a covariate, 28 of 44 variants showed significant evidence for association (P , 0.001) with CHRNA5 mRNA levels ( Table 1 ). The variant showing the strongest evidence for association is an insertion/deletion polymorphism (rs3841324) located upstream of the coding region of CHRNA5. However, several other variants in the upstream region show comparable levels of association and are in high linkage disequilibrium with each other (bin 3, Table 1 ).
Subjects homozygous for the minor allele at rs3841324 (S, short allele) show a 2.9-fold increase in CHRNA5 mRNA levels in frontal cortex compared with major allele homozygotes (Supplementary Material, Fig. S2 ). This confirms our previous finding reported in a subset of the brain tissues used in this study (33) . The same observation was seen in brain tissue from alcohol-dependent and non-dependent subjects. Under an additive model, 42% of the variation in CHRNA5 mRNA expression is explained by rs3841324 or highly correlated polymorphisms. The variants showing the strongest association with CHRNA5 mRNA expression are not associated with either nicotine dependence or lung cancer in single SNP association tests in European American samples (22, 31) .
Variants in the LD bin previously reported to be associated with reduced risk for nicotine dependence and tagged by rs3743078 are also associated with variability in CHRNA5 mRNA expression levels. We observed that 13% of the variability in CHRNA5 mRNA expression is explained by rs3743078 or highly correlated variants in an additive model. However, using stepwise discriminant analysis with rs3841324 (bin 3) and rs3743078 (bin 2), the association between rs3743078 and CHRNA5 mRNA expression is no longer significant. The D398N variant (rs16969968 in bin 1) is more weakly associated with CHRNA5 mRNA expression (P ¼ 0.01) (Supplementary Material, Fig. S3 ), though the association is no longer significant after inclusion of rs3841324 in the model. Among the 44 polymorphisms genotyped, 10 SNPs were not highly correlated with any variants in bins 1, 2 or 3. Using the same linear regression analysis, we observed that six of these SNPs, including two rare missense variants in CHRNA3 and CHRNB4, respectively (rs8192475 and rs12914008) are associated with CHRNA5 gene expression ( Table 1) . Using stepwise discriminant analysis conditioning on rs3841324, SNPs rs11636605 and rs3813567 (highly correlated with rs11636605) remain weakly associated with mRNA expression (P ¼ 0.02 and 0.04, respectively). The other SNPs are no longer significantly associated.
Lower variability in mRNA expression was observed for CHRNA3 and CHRNB4. Using linear regression with age as a covariate, variants in bin 2 and bin 3 are weakly associated with CHRNA3 mRNA expression levels (0.02 P 0.05) (Supplementary Material, Table S2 ). Polymorphisms in bin 3 are also weakly associated with CHRNB4 mRNA expression (0.01 P 0.05) in human brains using smoking history as a covariate and dropping individuals with unknown smoking history (Supplementary Material, Table S2 ). The D398N variant (bin 1) is not associated with differences in mRNA expression of either CHRNA3 or CHRNB4 (Supplementary Material, Table S2 ).
Diplotype analysis. To determine which of the alleles of the D398N polymorphism exist as high-and low-expressing alleles, we performed haplotype and diplotype analyses using a variant associated with CHRNA5 expression levels. While the insertion/deletion variant, rs3841324, shows the strongest association with CHRNA5 mRNA expression, this variant has a lower genotyping success rate when compared with other variants in bin 3 and was not genotyped in all of the case -control series. Accordingly, we selected rs588765 for these analyses because it has a high genotyping call rate (.99%) and is genotyped in two of three case -control series. Haplotype and diplotype analysis with rs16969968 and rs588765 revealed three major haplotypes and six major diplotypes. The risk genotype (AA) at rs16969968 usually occurs with the low expression genotype (CC) at rs588765. However, the non-risk genotype (GG) at rs16969968 occurs with both the high expression genotype (TT at rs588765) and the low expression genotype (CC at rs588765) for CHRNA5 (Fig. 1, Supplementary Material, Table S3 ). By looking at diplotypes, we can examine the effect of each variant on a constant genotypic background for the other variant. For instance, among subjects with non-risk genotype at rs16969968, CHRNA5 mRNA expression levels are significantly associated with genotypic variants at rs588765 (GG_CC diplotype shows lower expression than diplotype GG_TT, P ¼ 3.66 Â 10 25 ) ( Fig. 1 and Supplementary Material, Table S3 ). When examining the effect of rs16969968 on a constant genotypic background for rs588765 (see Fig. 1 and columns in Supplementary Material, Table S3 ), there are no differences in expression.
Low levels of CHRNA5 mRNA are associated with lower risk for nicotine dependence Based upon our biological evidence that the D398N variant in CHRNA5 alters receptor activity and that non-coding variation alters CHRNA5 mRNA expression, we performed a diplotype analysis in a large case -control series (ACS study) for nicotine dependence to test whether both the D398N variant and CHRNA5 mRNA expression levels influence risk. This analysis illustrates that both variants independently influence risk for nicotine dependence ( Table 2 ). The non-risk genotype at rs16969968 occurs on both the high expression and low expression alleles of CHRNA5. When the non-risk genotype at rs16969968 occurs on the high-expression genotype of CHRNA5 (GG_TT diplotype), the risk for developing nicotine dependence is increased (OR ¼ 1.72, CI 1.19 -2.47) relative to GG_CC diplotype ( Table 2 , Fig. 1 ). Among the subjects heterozygous at rs16969968, subjects with higher expression (AG_CC versus AG_CT in Fig. 1 ) have higher risk for nicotine dependence (P ¼ 3.59 Â 10
26
). The risk genotype of rs16969968 (AA) almost always occurs on the background of low expression. On this constant background, this SNP shows a dose-dependent increase in risk for nicotine dependence (Table 2) , and subjects with the AA_CC diplotype have the highest risk for nicotine dependence (OR ¼ 2.32, CI 1.58 -3.43). Similar findings are seen in the COGEND data set (data not shown). While these findings indicate that the risk associated with the amino acid change outweighs the protective effect of low expression, risk for nicotine dependence is affected by both the D398N variant and variants that alter CHRNA5 mRNA expression. Figure 1 . Association of different rs16969968-rs588765 diplotypes with CHRNA5 mRNA expression (global test P , 0.0001). Diplotype analysis confirms that rs588765 alters CHRNA5 mRNA expression (GG_CC versus GG_TT; P ¼ 3.66 Â 10 25 ). It also demonstrates that rs16969968 does not influence CHRNA5 mRNA expression. The bars represent mean + SD of CHRNA5 mRNA expression. We used SAS software to run t-test for pair-wise comparison of CHRNA5 mRNA expression with the specific genotype combination. The comparison of three diplotype groups (GGCC, AGCC and AACC) was analyzed with F-test. Fig. S1 ) are associated with lower risk for nicotine dependence (22 -24,26) . In this study, we observe that these SNPs show moderate association with CHRNA5 mRNA levels, but are not strongly correlated with mRNA levels of CHRNA3 or CHRNB4 (Table 1, Supplementary Material, Table S1 ). This association is explained by LD between rs3743078 and rs588765 and correlated SNPs. To test whether the previously reported association with nicotine dependence also reflected differences in CHRNA5 mRNA expression levels, we performed a 2-SNP and 3-SNP haplotype analysis using rs16969968, rs588765 and rs3743078. Both analyses revealed only three major haplotypes (Tables 3 and 4 ). The risk variant (A allele) of rs16969968 primarily occurs with the major allele for rs588765 (C) and rs3743078 (C), which are correlated with low CHRNA5 mRNA expression. The major allele (G) of rs16969968 can pair with either major (C) (low expression) or minor (T) (high expression) alleles of rs588765. The GC haplotype (low expression) is associated with reduced risk for nicotine dependence (P ¼ 5.27 Â 10 29 in ACS data set; P ¼ 1.82 Â 10 23 in COGEND data set). Adding SNP rs3743078 to the haplotype analysis does not change the result indicating that the minor allele at rs3743078 is tagging the GC protective haplotype of rs16969968-rs588765 (Tables 3 and 4) .
Minor allele
Low levels of CHRNA5 mRNA reduce risk factor for lung cancer
To examine whether the same haplotypes are associated with lung cancer risk, we performed haplotype analysis with rs16969968 and rs6495306 in a case -control series for lung cancer (GELCC data set). We used rs6495306, which is highly correlated with rs588765 (r 2 ¼ 1 in COGEND data set) for haplotype analysis because rs588765 was not included in our lung cancer study. We observed the same three haplotypes that were seen in the case -control series for nicotine dependence. These haplotypes have similar effects on risk for lung cancer ( Table 5 ). The risk allele of rs16969968 (A, coding for N398) for lung cancer is always associated with the major allele of rs6495306 (T), which is associated with lower mRNA expression of CHRNA5. The non-risk allele of rs16969968 (G, coding for D398) can be paired with either the major allele or the minor allele of rs6495306 (C). When D398 of rs16969968 occurs on the background of low mRNA expression of CHRNA5 (major allele of rs6495306, T), the haplotype is associated with lower risk for lung cancer (Table 5 ). In our data set over 86% of cases and 93% of controls used tobacco. Using pack years as a covariate, we observed similar association (global haplotype test P ¼ 1.01 Â 10
23
). Because of the small size of this data set we were unable to separately analyze lung cancer individuals who have never smoked. Nonetheless, these data are consistent with part of the risk for lung cancer being explained by the same mechanism as for nicotine dependence.
DISCUSSION
Further insights into the genetic basis of nicotine dependence and smoking have strong potential to inform ongoing lung cancer prevention and control efforts. The demonstration that variants in nAChRs are associated with nicotine dependence and lung cancer is an important step in understanding the pathogenesis of nicotine dependence and correlated medical illnesses.
In this study, we provide compelling evidence for at least two different mechanisms of action: both a coding variant that changes amino acid sequence in CHRNA5 (D398N) and non-coding variants that regulate CHRNA5 gene expression show association with risk for both nicotine dependence and lung cancer. Surprisingly, the variants showing the strongest association with CHRNA5 expression are not associated with either nicotine dependence or lung cancer in single SNP association tests in European Americans. Only after diplotype analysis do we see that when subjects with the non-risk genotype for the D398N variant are associated with the low expression (GG_CC diplotype of rs16969968-rs588765 in ACS data set), the risk for developing nicotine dependence and lung cancer is significantly lower compared to those with the higher expression genotype (GG_TT diplotype of rs16969968-rs588765 in ACS data set). The variant CHRNA5 (D398N), which greatly increases the risk for both disorders, primarily occurs on the background of low mRNA expression of CHRNA5. A small number of individuals carry this risk allele on a high-expressing CHRNA5 allele. We speculate that the risk for developing nicotine dependence and lung cancer is further increased among these individuals, although the number of individuals with this haplotype was too small to formally test this hypothesis. The observation that lower mRNA expression of CHRNA5 with the non-risk genotype of rs16969968 is protective for nicotine dependence and lung cancer suggests that altered function of the N398 variant of a5 subunit likely does not fully explain the association between CHRNA5 and nicotine dependence and lung cancer. Genetic variants tagged by rs3740378 are associated with reduced risk for nicotine dependence and lung cancer in single SNP association tests. Our data show that this association reflects tagging of the protective haplotype associated with low mRNA expression of the normal CHRNA5 allele. Although we believe, based on our single SNP, haplotype and functional studies, that there are two distinct mechanisms associated with risk for nicotine dependence, we cannot completely rule out the possibility that there is a third untyped variant that could explain both the protective and risk effects detected here. Neuronal nicotinic acetylcholine receptors form pentameric ligand-gated ion channels. In the brain, CHRNA5 is most commonly found in heteromeric receptors composed of a4b2a5 sub-units. In addition, the a5 subunit is expressed outside the brain, most prominently in postsynaptic receptors on ganglionic neurons (34) . However, a number of studies have found that mRNA for the a5 subunit can be found in a number of non-neuronal cells (35) . These observations indicate that genetic variation of a5 could have physiological effects at a number of sites of significance in terms of studies of behavior and addiction or carcinogenesis. Unfortunately, studies of the variants of the a5 subunit are at an early state, and only one previous functional study has been reported (25) .
In speculating about possible connections, three aspects must be considered. The first is functional differences between receptors containing different variants. The second is the role of altered levels of protein expression of (either) a5 variant. Finally, there may be alterations in expression of other subunits in response to changes in a5 function or expression. Regarding the first point, our previous work has shown that a4b2 Ã receptors containing the N398 CHRNA5 have a lower maximal response to acetylcholine than receptors containing a5 D398 (25) . In addition, sorting and trafficking of nAChRs also depends strongly on the subunit composition and somatodendritic versus presynaptic localization of nAChRs in neurons will strongly affect neuronal responses to nicotine (36) . Cellular trafficking (37) as well as interaction of a4b2 Ã nAChRs with synaptic scaffolding proteins (13) is altered by the presence of the a5 subunit. The variant is located in the major cytoplasmic loop of the subunit, and might influence localization of receptors. Hence, there is reason to suggest that there will be differences in function and possibly in the location of receptors containing the two variants. Taking the second point, the specific subunit composition of nAChRs governs the acute responses to agonists, such as endogenous acetylcholine and exogenous nicotine. The presence of the a5 subunit affects the potency of agonists at a4b2 Ã receptors, shifting the activation curve to lower concentrations of acetylcholine by 10-fold or more (37 -39) . Desensitization, which occurs at all nAChRs, describes the phenomenon that even in the maintained presence of agonist, the receptor has a closed channel. Kuryatov et al. (37) have shown that inclusion of the a5 subunit significantly increases the rate of desensitization of a4b2 Ã nAChRs. In addition, calcium permeability varies markedly with subunit (40 -42) composition, and inclusion of the a5 subunit in a4b2 Ã nAChRs significantly increases calcium permeability (37, 41) . Since nicotine is much more slowly metabolized than acetylcholine, there may be a sustained Ca 2þ influx which is thought to play a role in activating several signal transduction pathways that could lead to gene activation (in addiction) (43, 44) or to cell proliferation (in cancer) (45) . Finally, nicotine also acts as a pharmacological chaperone to assist in the folding and maturation of nAChRs (46 -48) . Selective pharmacological chaperoning of acetylcholine receptor number and stoichiometry is a general mechanism for the phenomenon first described in 1983 that chronic exposure to nicotine upregulates nAChRs (49 -51) . Such chaperoning by nicotine varies with detailed receptor stoichiometry, and in particular between a4b2 receptors and a4b2a5 receptors (although the reports differ in terms of the effect seen) (37, 52) . All of these studies indicate that the level of expression of the a5 subunit, in addition to functional differences between variants, will have an influence on the properties of a4b2 Ã receptors. The final point, changes in the expression of other subunits depending on the level of expression of a5 protein, is suggested by studies of the a5-knockout mouse. Acetylcholine-induced dopamine release in striatum from a6 receptors was found to be inversely related to expression of the a5 subunit when wild-type mice, mice heterozygous for a null mutation in Chrna5 and mice homozygous for a null mutation in Chrna5 were compared (53) .
Taking into account all of these observations, it is possible that the two biological factors are operating in two fashions. First, the risk for individuals having the D398 (lower risk) variant is lowered with low mRNA expression. This might suggest that a high level of a5 expression is a risk factor, per se, perhaps because of the functional consequences of incorporation of the a5 subunit into a4b2 Ã receptors (discussed above). Second, the higher-risk, N398, variant is very strongly associated with low mRNA expression. This suggests that an additional property of this variant subunit confers an increased risk regardless of the expression level. It is not known what property this is, nor whether the risks for addiction or carcinogenesis will reflect the same property underlying this association.
Further studies are necessary to determine which of these mechanisms (desensitization, sorting, trafficking, permeability, chaperoning and potentially others) has the most significant impact on risk for nicotinic addiction.
Although investigators in the lung cancer field have suggested that the variants influencing risk for lung cancer may lie outside the nicotinic receptor gene cluster, gene expression data, functional data and genetic data point to the nicotinic receptor genes particularly for addiction and specifically CHRNA5 as the most likely candidate. Furthermore, a recent paper has reported that CHRNA5 mRNA expression is elevated in lung adenocarcinoma compared with normal lung tissue and that expression of CHRNA5 in normal lung tissue is associated with genotype at rs16969968 suggesting that CHRNA5 is also the most likely candidate gene for lung cancer (54) . No other SNPs were tested for association with CHRNA5 mRNA expression in that study. However, based on our studies in brain and lymphocytes, we would anticipate that CHRNA5 mRNA expression in lung is more strongly associated with rs588765 and other highly correlated SNPs than with rs16969968.
This work provides a potential drug target for the treatment of nicotine addiction/lung cancer and will lead to a better understanding of the underlying biology of nicotine addiction and smoking-related illnesses.
MATERIALS AND METHODS

Quantitative gene expression analysis in human brain
Postmortem brain tissue derived from the frontal cortex of 44 unrelated, non-demented elderly European Americans was obtained from the Alzheimer's Disease Research Center (ADRC) of Washington University in St Louis (http:// alzheimer.wustl.edu/). Smoking status (tobacco use) is available for these subjects. We have also obtained a second set of frontal cortex samples from the Australian Brain Donor Program (ABDP), Sydney, Australia. Thirty-four of these samples were derived from unrelated, non-alcohol-dependent subjects and 35 samples were from alcohol-dependent subjects. Fifty-nine samples were of European descent. Though the smoking history (ever smoke or never smoke) was not always recorded, 22 subjects who are alcohol-dependent were smokers, and two were non-smokers. Among the non-alcohol-dependent subjects 14 were smokers and four were non-smokers. Others are unknown.
We used Qiagen's DNeasy Blood and Tissue Kit and RNeasy Lipid Tissue kit (http://www.qiagen.com) to extract DNA and total RNA from brain tissues, respectively. A cDNA library was prepared from total RNA using the High Capacity cDNA Archive Kit (http://www. appliedbiosystems.com). Genomic DNA from all subjects was genotyped for 44 polymorphisms in the CHRNA5/A3/B4 gene cluster. We used the Sequenom MassArray platform for genotyping. A detailed genotyping protocol using MassArray technology is described elsewhere (55) .
TaqMan assays (Applied Biosystems, CA, USA) were used to quantify the expression levels of CHRNA5 (Hs00181248_m1), CHRNA3 (Hs01088199_m1) and CHRNB4 (Hs00609520_m1) mRNAs in human frontal cortex. Gene expression levels were analyzed by real-time PCR using an ABI-7500 real-time PCR system. The program, Primer Express 3 (ABI) was used to design primers and a TaqMan probe for the GAPDH gene. Each realtime PCR run included within-plate duplicates and each experiment was performed twice for each sample. Correction for sample-to-sample variation was done by simultaneously amplifying GAPDH as a reference. Real-time data was analyzed using the comparative Ct method (56) .
We used linear regression to test for evidence of differential expression in samples of different genotypes. To minimize possible effects of sample heterogeneity, we performed our association analyses in subjects of European descent only. The origin of the sample (brain bank site), postmortem interval, age, gender, drinking status and smoking history were used as covariates. For diplotype analysis, we first logtransformed relative mRNA expression to obtain a normal distribution and then used a t-test to run pair-wise comparisons of CHRNA5 mRNA expression with the specific genotype combination. A comparison of three diplotype groups (GGCC, AGCC and AACC) was made using F-test in the SAS software release 9.1 (SAS Institute, Cary, NC, USA).
COGEND study
The Collaborative Genetic Study of Nicotine Dependence recruited subjects from three urban areas in the USA: St Louis, Detroit and Minneapolis. A community-based telephone-screening interview was used to identify individuals who had smoked at least 100 cigarettes in their lifetime (smokers). These individuals then completed the Fagerstorm Test of Nicotine Dependence (FTND) questionnaire. Case subjects were current smokers with a score of four or more on the FTND, which defines nicotine dependence. Control subjects smoked 100 cigarettes but never exhibited symptoms of nicotine dependence (FTND ¼ 0), even during the heaviest period of smoking. Details of this sample and genotyping process have been reported elsewhere (21, 23, 57) .
ACS study
The smokers used in this study were participants in the American Cancer Society CPS-II Cohort, a prospective study of cancer mortality begun in 1982, and the CPS-II Nutrition Cohort, a prospective study of cancer incidence formed in 1992 using a subset of CPS-II participants. Details regarding recruitment into these studies are described elsewhere (26) . Information on smoking behavior from questionnaires administered in 1982, 1992 and 1997 was used to identify light and heavy smokers among participants. Individuals who reported smoking at least 30 cigarettes/day for at least 5 years were defined as heavy smokers. This phenotype is strongly correlated with nicotine dependence (26) . We randomly selected 750 heavy smoking men and 750 heavy smoking women for this study (total n ¼ 1500). Light smokers were defined as individuals who reported smoking for at least 1 year during their lifetime and in 1982 and 1992, reported always smoking fewer than 10 cigarettes/day. This was a rare phenotype especially among men. Among participants with DNA, 461 men and 1482 women met these criteria. We included all men defined as light smokers as well as a random sample of 1039 light smoking women to give a total of 1500 light smokers. A detailed description of the genotyping process was described elsewhere (26) .
Lung cancer study subjects
We genotyped 194 cases with familial lung cancer and 219 cancer-free control subjects of European descent from the Genetic Epidemiology of Lung Cancer Consortium (GELCC) using Affymetrix 500K or Affymetrix GenomeWide Human SNP Array 6.0 (Santa Clara, CA, USA). A detailed description of the genotyping process is described elsewhere (31) . A sample of unrelated case individuals was identified by selecting one case from each high-risk lung cancer family. Among 194 cases, 186 individuals were smokers. Non-cancer control subjects were recruited from a combination of unaffected spouses from GELCC families (n ¼ 36), unaffected individuals from the Coriell Institute for Medical Research (Camden, NJ, USA) (n ¼ 11) and the Fernald Medical Monitoring Program (Fernald, OH, USA) (n ¼ 172). These control subjects had no blood relationship with any selected case patients. Among 219 controls, 205 individuals used tobacco. Basic characteristics of the GELCC subjects are presented elsewhere (31) . Data analysis. To minimize possible effects of sample heterogeneity, we performed our association analyses in subjects of European descent only. We used the program PLINK (http:// pngu.mgh.harvard.edu/purcell/plink/) to generate haplotypes and used linear regression to test the association of different haplotypes with nicotine dependence and lung cancer. The SAS software release 9.1 (SAS Institute, Cary, NC, USA) was used to test the association of specific genotype combinations with nicotine dependence.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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